Introduction

20
Continued scaling of complementary metal-oxide-semiconductor (CMOS) devices will require a gate 21 dielectric with a capacitance equivalent to that of SiO 2 of less than 1 nm thickness in the near future. As 22 the equivalent oxide thickness (EOT) is decreased, the introduction of oxides with dielectric constants (k) 23 greater than that of SiO 2 or silicon oxynitrides will be required to allow physically thicker gate dielectrics 24 with reduced leakage currents. Concurrently, heavily doped polycrystalline Si, presently used as the gate 25 electrode, may have to be replaced with metal gate electrodes [1] . Metal gates are attractive for both 26 SiO 2 -based and high-k gate dielectrics because they eliminate gate depletion, thus allowing lower EOTs, 27 and are potentially thermally more stable in contact with high-k oxides than Si. Furthermore, dopant 28 penetration from polycrystalline Si gate electrodes into the Si channel [2] [3] [4] could be eliminated if metal 29 electrodes were used. 30
Necessary requirements for alternative metal gate electrodes are work functions that are compatible with 31 low threshold voltages and the thermal stability of the interface with the dielectric at device fabrication 32 temperatures. Optimal work functions for n-type MOS and for p-type MOS must be around 5 eV and 4 33 eV, respectively. In addition, midgap gate electrodes [5] , as well as integration schemes to obtain dual 34 workfunction gates for both types of MOS have been proposed. Integration approaches use, for 35 example, interdiffusion to selectively change the workfunction over one of the devices [ Fig. 1 (a) is identical to that 12 shown in ref.
[11]. The Gibbs free energies of phases in the Ru-Si-O system at 900 o C are given in Table  13 2. They were obtained from ref.
[17], with the exception of the ruthenium silicides, which were 14 calculated using the optimized thermodynamic parameters given in ref.
[20]. The calculated Ru-Si-O 15 phase diagram at 900 °C is shown in Fig. 1 enthalpy of RuTa [23] [24] [25] . Estimations by KAUFMAN et al. were optimized using experimental phase 1 diagrams [25] and are used here. The enthalpy of RuTa at a given temperature can be estimated as 2 follows [25] : 3 [25] . The entropy of RuTa is given by [25] : 7 stoichiometric RuTa is considered here, although this compound has extensive solubility for both Ru and 11
Ta [22] . The calculated Ru-Ta-Si phase diagram at 900 °C is shown in Fig. 1 
(c). 12
The isothermal Ru-Ta-O phase diagram at 900 °C is shown in Fig. 1 
2.2
The Ta-Si-N-O system 22
The quaternary Ta-Si-N-O system is needed to determine the thermodynamic stability of TaN in contact  23 with SiO 2 . The four ternary phase diagrams that make up the quaternary system are Ta-Si-N, Si-N-O, 24
Ta-Si-O, and Ta-N-O. The free energies are listed in Tables 3 and 4 and the free energy changes are  25 listed in the Appendix. The Ta-N system is very complex, because in addition to the two equilibrium 26 nitrides that are considered here, TaN and Ta 2 N, a number of metastable phases are known to exist. 27 There is a lack of thermochemical information for these phases, and they were not included in the 28 calculations presented below. Their presence may potentially alter conclusions regarding stability in this 29 system, as will be discussed in section 3. 30 31 32 reported but were not included in the calculations here, due to lack of thermodynamic data. However, 14 these compounds likely do not significantly change the phase diagram shown [27] . The calculated Si-N-O phase diagram is shown in Fig. 3(b) . 21
Ta-N-O 22
Ternary compounds have been reported in this system [34] . However, no thermodynamic or structural 23 data are available for these compounds. Therefore, the Ta-N-O phase diagram at 900 °C was calculated 24 without considering these compounds and is shown in Fig. 3(c) . is shown in Fig. 4 
The Ru-Ta-Zr-O system 7
The Ru-Ta-Zr-O phase diagram is important to determine whether RuTa is stable at 900 °C in contact 8 with ZrO 2 , which is currently considered as an alternative gate dielectric. The Gibbs free energies of 9
RuZr and Ru 2 Zr were estimated from the values given by MAHDOUK et al. [36] 
Experimental Results
1
To experimentally evaluate metal gate electrode/dielectric interface stability, Ru, Ru/Ta bilayers and Ru-2 Ta alloy thin films were deposited on thermally grown SiO 2 and physically vapor deposited ZrO 2 , 3 respectively, by sputtering. The details of sputtering process are described elsewhere [9] . The 4 composition of the Ru-Ta alloy was approximately 40 at% Ta. After deposition, the electrodes were 5 patterned using lift-off and annealed at 400 °C for 30 min in forming gas (10%H 2 /N 2 ), followed by a 6 rapid thermal anneal at 900 °C in N 2 for 30 s. TaN films were deposited by reactive sputtering from a Ta 7 target using a 1:5 N 2 /Ar sputter gas mixture. Samples for transmission electron microscopy (TEM) were 8 prepared by standard cross-section techniques with Ar ion milling as the final step. The film 9 microstructure were investigated using a 200 kV transmission electron microscope (JEOL JEM 2010F) 10 equipped with a field-emission gun. 11 Figure 7 shows high-resolution TEM (HRTEM) micrographs of Ru/SiO 2 ( Fig. 7 a) , Ta/SiO 2 ( Fig. 7 b) , 12 Ta/ZrO 2 ( Fig. 7 c) , and RuTa/SiO 2 ( Fig. 7 d) interfaces recorded along <110> Si after annealing at 900 °C. 13
The Ta/SiO 2 interface shows a thick (~ 3nm), amorphous reaction layer, consistent with the predictions 14 of thermodynamic instability of this interface. The initial SiO 2 thickness underneath this stack was ~ 15 3nm. SiO 2 was consumed by the interfacial reaction, so that only ~ 1.5 nm SiO 2 layer is left after 16
annealing. The possible reaction products ( Fig. 1(a) showed an increase in thickness of the SiO 2 film in the vicinity of grain boundaries (see inset in Fig 7(a) ). 31
RuTa electrodes had smaller grain sizes than Ru electrodes and Ta has a higher affinity with O than Ru. 32
Both may contribute to the oxygen diffusivity through this electrode. 33 Figure 8 shows HRTEM micrographs of interfaces between N-rich TaN x films and SiO 2 , recorded along 34 <110> Si. One sample (Fig. 8(a) ) was annealed at 400 o C for 30 min in forming gas (10%H 2 /N 2 ). The 35 other sample was annealed at 1000 °C for 15s in Ar, followed by the same forming gas anneal ( Fig.  36  8(b) ). The SiO 2 thickness in both stacks is about 2.7-3.0 nm. There are no apparent reaction layers, 37 confirming the thermal stability of this interface. However, further studies are needed to investigate the 38 degree of N-diffusion from the gate electrode into the dielectric. 
